The use of computers and complex software is pervasive in archaeology, yet their role in the 10 analytical pipeline is rarely exposed for other researchers to inspect or reuse. This limits the 11 progress of archaeology because researchers cannot easily reproduce each other's work to 12 verify or extend it. Four general principles of reproducible research that have emerged in 13 other fields are presented. An archaeological case study is described that shows how each 14 principle can be implemented using freely available software. The costs and benefits of 15 implementing reproducible research are assessed. The primary benefit, of sharing data in 16 particular, is increased impact via an increased number of citations. The primary cost is the 17 additional time required to enhance reproduciblity, although the exact amount is difficult to 18 quantify.
without any accompanying software), it is challenging and time-consuming for others to the research pipeline. The simplest form of this is a list of the key pieces software and their 203 version numbers, this is often seen in the archaeological literature where exotic algorithms involving two or more computers using a virtual machine or container environment can 230 simplify collaboration), and for working on small-scale iterations of an analysis prior to 231 scaling up to time-consuming and expensive computations. 232 To summarize, in this section I have described four general principles of reproducible 233 research. These principles have been derived from current efforts to improve computational 234 reproducibility in other fields, such as as genomics, ecology, astronomy, climatology, Madjebebe publication we experimented with the principles of reproducible research outlined 256 above, and used data archiving, a scripted analytical pipeline, version control, and an 257 isolated computational environment. Additional details of our specific implementations are 258 available at Marwick (2015) . 259 That standard and familiar nature of the archaeological materials and methods used in 260 the paper about Madjebebe should make it easy for the reader to understand how the 261 methods for enhancing reproducibility described here can be adapted for the majority of 262 research publications in archaeology. I recognize that not every research project can 263 incorporate the use of these tools (for example, projects with very large amounts of data or 264 very long compute times). However, my view is that the principles and tools described here 265 are suitable for the majority of published research in archaeology (where datasets are small, 266 ie. <10 GB, and analysis compute times are short ie. <30 min).
267
Figshare for data archiving 268 We chose Figshare to archive all the files relating to the publication, including raw 269 data, which we uploaded as a set of CSV files ( Figure 2 ). CSV stands for comma separated 270 variables and is an open file format for spreadsheet files that can be opened and edited in 271 any text editor or spreadsheet program. Although there are data repositories designed 272 specifically for archaeologists (Beale, 2012; Kansa, 2012; eg. Richards, 1997) , some of these 273 are fee-based services and, at the time we deposited our data, they all lacked a programmatic to archived files that specify how the files may be reused. We chose the CC0 license for our data files (equivalent to a release in the public domain), this is widely used and 282 recommended for datasets (Stodden, 2009) . The CC0 license is simpler than the related 283 CC-BY (requiring attribution) and CC-NC (prohibiting commercial use) license, so CC0 284 eliminates all uncertainty for potential users, encouraging maximal reuse and sharing of the 285 data. We also archived our programming code on Figshare and applied the MIT license 286 which is a widely used software license that permits any person to use, copy, modify, merge, 287 publish, distribute, sublicense and/or sell copies of the code (Henley & Kemp, 2008; Morin, 288 Urban, & Sliz, 2012). Our motivation for choosing these licenses is to clearly communicate to 289 others that we are comfortable with our data and code to be reused in any way -with 290 appropriate attrition (Stodden, 2009 ). The MIT license has the added detail of specifically 291 not providing a warranty of any kind and absolving us as authors from liability for any 292 damages or problems that others might suffer or encounter when using our code.
293
R for scripting the analysis 294 I used the R programming language to script our data analysis and visualization 295 workflow. I chose R because it is a highly expressive, functional, interpretive, object-oriented 296 language that was originally developed by two academic statisticians in the 1990s (J. M. , 2009; Wickham, 2014) . Like Python, R is a free and open source complete 298 programming language. Where the two differ is that R is heavily customized for data 299 analysis and visualisation (Gandrud, 2013b; Tippmann & others, 2015) . Python, which has a 300 reputation for readability and ease of use, is a general-purpose programming tool with fewer 301 customization for data analysis and visualisation (Jeffrey M Perkel, 2015) . In the last decade 302 R has acquired a large user community of researchers, including archaeologists, many of 303 whom contribute packages to a central open repository that extend the functionality of the 304 language (Mair et al., 2015) . These packages are typically accompanied by peer-reviewed 305 scholarly publications that explain the algorithms presented in the package. Such a large and 306 active community means that many common data analysis and visualization tasks have been greatly simplified by R packages, which is a key factor in my choice of this language. For 308 example, rOpenSci is a collective of scientists mostly in ecology, evolution, and statistics that 309 supports the development of R packages to access and analyse data, and provide training to 310 researchers (Boettiger, Hart, Chamberlain, & Ram, 2015) . Our publication depended on 311 nineteen of these user-contributed packages, which saved me a substantial amount of 312 programming effort. I also organised our code as a custom R package because it provides a 313 logical and widely shared structure to organizing the analysis and data files. The R package 314 structure gives us access to the many quality control tools involved in package building, and 315 is a convenient template for projects of any scale (Wickham, 2015) . Because packages are 316 ubiquitous among R users, we hope that by providing our code as an R package the use of 317 familiar conventions for organizing the code will make it easier for other users to inspect, use 318 and extend our code.
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The knitr and rmarkdown packages are especially relevant to our efforts to make our 320 analysis reproducible (Xie, 2013) . Knitr provides algorithms for dynamically converting text 321 and R code into formatted documents (i.e., PDF, HTML or MS Word) that contain the text 322 and the output of the code, such as tables and plots. Rmarkdown provides an authoring 323 format that enables the creation of dynamic documents using a simple syntax (related to 324 HTML and LaTeX, but simpler) for formatting text and managing citations, captions and 325 other typical components of a scientific document (Baumer & Udwin, 2015; Baumer, 326 Cetinkaya-Rundel, Bray, Loi, & Horton, 2014). The rmarkdown package uses a document 327 formatting language called markdown, which has a simple syntax for styling text, and 328 extends it into a format called R markdown that enables embedded computation of R code 329 contained in the markdown document. Using syntax for styling in markdown (and HTML, 330 LaTeX, etc.) is different to composing and editing in Microsoft Word because markdown 331 separates presentation from content. An example of this can be seen in the heading in figure   332 3, where the two hash symbols are the syntax for a heading, and the formatting is applied 333 only when the document is executed. Together, the knitr and rmarkdown packages enabled us to compose a single plain-text source document that contained interwoven paragraphs of 335 narrative text and chunks of R code. This approach has the code located in context with the 336 text so any reader can easily see the role of the code in the narrative. This results in an 337 executable paper (cf. Leisch, Eugster, & Hothorn, 2011; Nowakowski et al., 2011), which, 338 when rendered by the computer using the knitr package, interprets the R code to generate 339 the statistical and visual output and applies the formatting syntax to produce readable 340 output in the form of a HTML, Microsoft Word or PDF file that contains text, statistical 341 results and tables, and data visualizations. This practice of having documentation and code 342 in a single interwoven source document is known as literate programming (Knuth, 1984) .
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